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(57) ABSTRACT

A corona ignition system for providing a corona discharge
(24) includes an igniter (20) having an electrode (26) with an
asymmetrical firing tip (28) relative to an electrode center
axis (a,). The firing tip (28) includes a first surface area (A )
facing the fuel injector (42) which is greater than a second
surface area (A,) facing a cylinder block (32). The first sur-
face area (A ) presents a projection (60) having a sharp edge,
and the second surface area (A,) presents a round outward
surface (62). Accordingly, a radio frequency electric field
emitted from the first surface area (A,) provides a robust
corona discharge (24) in a flammable area at an outside edge
(30) of the fuel spray. No electric field is emitted from the
second surface area (A,), and no power arcing occurs
between the second surface area (A,) and the cylinder block
32).
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1
CORONA IGNITION DEVICE HAVING
ASYMMETRIC FIRING TIP

CROSS REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. provisional
application Ser. No. 61/422,849, filed Dec. 14, 2010.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates generally to a corona discharge igni-
tion system including an igniter for emitting a non-thermal
plasma, and more specifically to a firing tip of the igniter.

2. Related Art

An example of a corona discharge ignition system is dis-
closed in U.S. Pat. No. 6,883,507 to Freen. The corona dis-
charge ignition system includes an igniter with an electrode
charged to a high radio frequency voltage potential, creating
a strong radio frequency electric field in the combustion
chamber. The electric field causes a portion of a mixture of
fuel and air in the combustion chamber to ionize and begin
dielectric breakdown, facilitating combustion of the fuel-air
mixture. The electric field is preferably controlled so that the
fuel-air mixture maintains dielectric properties and corona
discharge occurs, also referred to as a non-thermal plasma.
Theionized portion of the fuel-air mixture forms a flame front
which then becomes self-sustaining and combusts the
remaining portion of the fuel-air mixture. Preferably, the
electric field is also controlled so that the fuel-air mixture
does not lose of all dielectric properties, which would create
a thermal plasma and an electric arc between the electrode
and grounded cylinder walls, piston, or other portion of the
igniter, referred to as power-arcing.

The igniter of the corona discharge ignition system typi-
cally includes an electrode having an electrode body portion
extending longitudinally from an electrode terminal end
receiving the high radio frequency voltage, along an electrode
center axis, to an electrode firing end. The electrode may
include a firing tip adjacent the electrode firing end for emit-
ting the radio frequency electric field. The firing tip is sym-
metric relative to the electrode center axis. The igniter of the
corona discharge ignition system does not include any
grounded electrode element in close proximity to the firing
tip. Rather, the ground is provided by the cylinder walls or the
piston of the internal combustion engine. An example of a
corona igniter with a symmetric firing tip is disclosed in U.S.
Patent Application Publication No. US 2010/0083942 to
Lykowski and Hampton.

In internal combustion engine systems, especially non-
homogeneous combustion systems, like gasoline direct igni-
tion systems, placement of the ignition source relative to the
fuel-air mixture is critical to a robust combustion. In certain
engine applications, the fuel is provided to the combustion
chamber as a spray, but the spray is typically too rich in fuel
to ignite directly and may be flammable only at the outside
edges of the spray, where the fuel mixes with the air of the
combustion chamber. Accordingly, the igniter must be spaced
from the fuel injector so that the firing tip is disposed in a
predetermined location relative to the outside edge of the fuel
spray. The igniter is also preferably spaced from the fuel spray
to prevent erosion and corrosion caused by the fuel spray.
However, if the igniter is too close to the cylinder walls or
piston, power arcing may occur between the firing tip and the
cylinder walls or piston, which would eliminate any corona
discharge and could be detrimental to combustion. Further,
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the fuel injector oftentimes cannot be moved from a central
location in the combustion chamber, which further compli-
cates the system design.

SUMMARY OF THE INVENTION

One aspect of the invention provides an igniter for receiv-
ing a high radio frequency voltage and emitting a radio fre-
quency electric field to ionize a portion of a fuel-air mixture
and provide a corona discharge. The igniter comprises an
electrode including an electrode body portion extending lon-
gitudinally along an electrode center axis from an electrode
terminal end, which receives the high radio frequency volt-
age, to an electrode firing end. The electrode also includes a
firing tip adjacent the electrode firing end for emitting the
radio frequency electric field. The firing tip is asymmetric
relative to the electrode center axis.

Another aspect of the invention provides a method of form-
ing the igniter. The method comprises the steps of providing
the electrode body portion extending longitudinally from the
electrode terminal end along the electrode center axis to the
electrode firing end. Next, the method includes disposing the
firing tip on the electrode body portion adjacent the electrode
firing end and asymmetrically relative to the electrode center
axis.

Yet another aspect of the invention includes a corona igni-
tion system providing a radio frequency electric field to ionize
a portion of the fuel-air mixture and provide a corona dis-
charge igniting the fuel-air mixture in a combustion chamber
of'an internal combustion engine. The corona ignition system
includes a cylinder block extending circumferentially around
a space, and a cylinder head extending across the cylinder
block. A piston is disposed in the cylinder block and spaced
from the cylinder head to provide a combustion chamber
therebetween. A fuel injector extends into the combustion
chamber for spraying fuel into the combustion chamber. The
igniter with the asymmetric firing tip extends into the com-
bustion chamber and is disposed between the fuel injector and
the cylinder block. The igniter receives the high radio fre-
quency voltage and emits the radio frequency electric field to
ionize the fuel-air mixture and form the corona discharge.

Another aspect of the invention provides a method of form-
ing the corona ignition system. The method includes provid-
ing the cylinder block extending around the space and extend-
ing the cylinder head across the cylinder block. Next, the
method includes disposing the piston in the cylinder block
and spacing the piston from the cylinder head to provide the
combustion chamber therebetween. The method includes dis-
posing the fuel injector in the combustion chamber for spray-
ing fuel into the combustion chamber. The method further
includes providing the igniter and disposing the igniter in the
combustion chamber for receiving the high radio frequency
voltage and emitting the radio frequency electric field to
ionize the mixture of fuel and air and form the corona dis-
charge. The step of providing the igniter includes forming the
electrode by providing the electrode body portion extending
longitudinally from the electrode terminal end to the elec-
trode firing end. The step of providing the igniter also
includes disposing the firing tip on the electrode body portion
adjacent the electrode firing end and asymmetrically relative
to the electrode center axis. The step of disposing the igniter
in the combustion chamber includes positioning the igniter
between the fuel injector and the cylinder block.

The corona igniter of the present invention, including the
asymmetric firing tip, provides numerous advantages over
corona igniters with other designs, such as those including a
symmetric firing tip. The igniter can be disposed in a prede-
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termined position relative to the fuel injector and cylinder
block so that the corona discharge is formed in an optimal
location for ignition and nowhere else. For example, a portion
of'the asymmetric firing tip having a greater surface area and
producing a high electric field strength can be disposed closer
to the fuel spray, while a portion of the firing tip having less
surface area and producing a lower electric field strength is
disposed closer to the cylinder block. Accordingly, the radio
frequency electrical field is emitted only from the surface area
adjacent the fuel spray so that the corona discharge is formed
optimally at the outside edge of the fuel spray. The asymmet-
ric firing tip also prevents power arcing between the firing tip
and the cylinder block. Accordingly, the corona igniter of the
present invention provides improved performance, compared
to corona igniters including symmetric firing tips or other
designs.

The igniter of the present invention is especially beneficial
in non-homogeneous ignition systems, such as gasoline
direct injection systems. The asymmetric firing tip is espe-
cially advantageous when the fuel injector must remain cen-
trally located in the combustion chamber. The igniter can be
moved away from the fuel spray to reduce corrosion and
erosion, and closer to the cylinder block, without incurring
the detrimental power arcing between the firing tip and cyl-
inder block. Further, the asymmetric firing tip can be arranged
to provide corona discharge projecting parallel to or away
from the cylinder head, so that igniter can be moved closer to
the cylinder head and away from the fuel spray. Another
advantage of the present invention is improved energy effi-
ciency, as the corona discharge is only produced where it can
usefully provide ignition.

BRIEF DESCRIPTION OF THE DRAWINGS

Other advantages of the present invention will be readily
appreciated, as the same becomes better understood by ref-
erence to the following detailed description when considered
in connection with the accompanying drawings wherein:

FIG. 11s a cross-sectional view of a corona ignition system
including an igniter according to one aspect of the invention,

FIG. 2A is a cross-sectional view of the igniter of FIG. 1
with a first surface area shaded,

FIG. 2B is a top plan view of a firing tip of the igniter of
FIG. 1 with the first surface area shaded,

FIG. 3A is a cross-sectional view of the igniter of FIG. 1
with a second surface area shaded,

FIG. 3B is a top plan view of a firing tip of the igniter of
FIG. 1 with the second surface area shaded,

FIG. 4A is a side view of a firing tip according to another
embodiment of the invention,

FIG. 4B is a top plan view of the firing tip of FIG. 4A,

FIG. 5A is a side view of a firing tip according to yet
another embodiment of the invention,

FIG. 5B is a top plan view of the firing tip of FIG. 5A,

FIG. 6A is a side view of a firing tip according to another
embodiment of the invention,

FIG. 6B is a top plan view of the firing tip of FIG. 6A,

FIGS. 7A-7M are a top plan views of numerous example
firing tips according to other embodiments of the invention,
and

FIG. 8 is an enlarged top plan view of the firing tip of FIGS.
1-3.

DETAILED DESCRIPTION OF THE ENABLING
EMBODIMENTS

One aspect of the invention provides a corona ignition
system including an igniter 20 disposed in a combustion
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chamber 22 of an internal combustion engine, as shown in
FIG. 1. The corona igniter 20 emits a radio frequency electric
field to ionize a portion of a fuel-air mixture and provide a
corona discharge 24 in the combustion chamber 22. The
igniter 20 of the corona ignition system includes an electrode
26 with an asymmetric firing tip 28, also shown in FIG. 1. The
asymmetric firing tip 28 allows the corona discharge 24 to be
formed in an optimal location for ignition, preferably only at
an outside edge 30 of a fuel spray, where the fuel mixes with
the air. Thus, the igniter 20 of the corona ignition system
provides multiple benefits, including prevention of power
arcing and improved energy efficiency.

The corona ignition system is typically incorporated into
an internal combustion engine of an automotive vehicle. As
shown in FIG. 1, the system includes a cylinder block 32
having a side wall 34 extending circumferentially around a
cylinder center axis a_ and presenting a space having a cylin-
drical shape. The side wall 34 extends upwardly along the
cylindrical space to a top end 36 surrounding a top opening. A
cylinder head 38 is disposed on the top end 36 and extends
across the top opening of the cylinder block 32.

A piston 40 is disposed in the cylindrical space and along
the side wall 34 of the cylinder block 32 for sliding along the
side wall 34 during operation of the internal combustion
engine. The piston 40 is spaced from the cylinder head 38, so
that the cylinder block 32 and the cylinder head 38 and the
piston 40 together provide the combustion chamber 22 ther-
ebetween.

A fuel injector 42 is disposed in an injector slot 44 of the
cylinder head 38 and extends transversely into the combus-
tion chamber 22. The fuel injector 42 provides fuel to the
combustion chamber 22, typically in the form of a finely
atomized spray. In one embodiment, the fuel spray provided
by the fuel injector 42 presents the outside edge 30 forming a
conical shape, as shown in FIG. 1. The fuel injector 42 is
typically located centrally in the cylinder and extends longi-
tudinally along the cylinder center axis a_.. However, the fuel
injector 42 can alternatively be air guided or wall guided, and
the location of the fuel injector 42 may vary depending on the
type of combustion system. In many internal combustion
engine applications, the fuel injector 42 must be located cen-
trally relative to the cylinder block 32, and it is impossible to
move the fuel injector 42.

The cylinder head 38 also includes an igniter slot 46
between the fuel injector 42 and the cylinder block 32 for
receiving the corona igniter 20. The igniter 20 can extend
parallel to or at an angle relative to the cylinder center axis a_
and into the combustion chamber 22. The igniter 20 receives
the high radio frequency voltage and emits the radio fre-
quency electric field to ionize a portion of the fuel-air mixture
and form the corona discharge 24.

The precise location of the igniter 20 varies depending on
the combustion system. The location of the igniter 20 may be
determined by an alignment method disclosed in U.S. Patent
Application Publication No. 2010/0083942, or another
method. The igniter 20 is disposed in a predetermined posi-
tion relative to the cylinder block 32 and the fuel injector 42
and the cylinder head 38 and the piston 40, which allows the
corona discharge 24 to be formed in an optimal location for
combustion. For example, the igniter 20 can be disposed a
predetermined distance from the fuel injector 42 and the
cylinder block 32 and the piston 40, and disposed at a prede-
termined angle relative to the fuel injector 42 and the cylinder
head 38 and the cylinder block 32. The igniter 20 is also
disposed in a predetermined location relative to the outside
edge 30 of the fuel spray. For example, the igniter 20 can be
disposed approximately at a 30 degree angle relative to the
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fuel injector 42, as shown in FIG. 1, so that the firing tip 28 is
disposed in an optimal location adjacent the outside edge 30
of'the fuel spray, and so that other portions of the igniter 20 are
spaced further from the harsh environment created by the fuel
spray.

As shown in FIGS. 2A and 3A, the electrode 26 of the
igniter 20 has an electrode center axis a, extending longitu-
dinally from an electrode terminal end 48 receiving the high
radio frequency voltage to an electrode firing end 50. The
electrode 26 includes an electrode body portion 52 formed of
a first electrically conductive material extending longitudi-
nally from the electrode terminal end 48 along the electrode
center axis a, to the electrode firing end 50. In one embodi-
ment, the first electrically conductive material of the elec-
trode body portion 52 includes nickel or a nickel alloy. The
electrode body portion 52 has an electrode diameter D, being
perpendicular to the electrode center axis a,. As shown in
FIGS. 2A and 3 A, the electrode body portion 52 is symmetric
relative to the electrode center axis a,. The electrode body
portion 52 is also symmetric relative to a hypothetical plane
54 extending through and longitudinally along the electrode
center axis a,, as shown in FIGS. 2B and 3B. The plane 54 has
an injector side 56, which would face generally toward the
fuel injector 42 of FIG. 1, and an opposite wall side 58 which
would face generally toward the side wall 34 of the cylinder
block 32 of FIG. 1.

The electrode 26 of the corona ignition system includes the
firing tip 28 surrounding and adjacent the electrode firing end
50 for emitting the radio frequency electric field to ionize a
portion of the fuel-air mixture in the combustion chamber 22
and provide the corona discharge 24. The firing tip 28 is
formed of a second electrically conductive material, prefer-
ably including at least one element selected from Groups 4-12
of the Periodic Table of the Elements. The firing tip 28 typi-
cally has a tip diameter D, that is greater than the electrode
diameter D, of the electrode body portion 52.

The firing tip 28 of the igniter 20 is disposed in a predeter-
mined position relative to the cylinder block 32 and the fuel
injector 42 and the cylinder head 38 and the piston 40, which
allows the corona discharge 24 to be formed in the optimal
location for combustion. For example, the firing tip 28 can be
disposed a predetermined distance from the fuel injector 42
and the cylinder block 32 and the cylinder head 38 and the
piston 40, and at a predetermined angle relative to the fuel
injector 42 and the cylinder block 32 and the cylinder head 38
and the piston 40. The firing tip 28 is also disposed in a
predetermined location relative to the outside edge 30 of the
fuel spray. In one preferred embodiment, the firing tip 28 is
disposed adjacent the fuel spray so that the corona discharge
24 is formed at the outside edge 30 of the fuel spray, as shown
in FIG. 1. The method of U.S. Patent Application Publication
No. 2010/0083942, or another method, can be used to deter-
mine the position of the firing tip 28 relative to the fuel
injector 42 and the fuel spray. Since the firing tip 28 is asym-
metric, the igniter 20 can be disposed closer to the side walls
34 of the cylinder block 32, relative to igniters of the prior art
corona ignition systems, without incurring power arcing
between the firing tip 28 and the cylinder block 32. Accord-
ingly, the majority of the igniter 20 can be spaced further from
the fuel spray and thus is less susceptible to erosion and
corrosion caused by the harsh environment created by the fuel
spray.

The firing tip 28 is asymmetric relative to the electrode
body portion 52, so that the corona discharge 24 can be
formed in an optimal location for ignition. As shown in FIGS.
2B and 3B, with regard to the plane 54 extending longitudi-
nally through the electrode center axis a,, the asymmetric
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firing tip 28 presents a first surface area A, on the injector side
56 of the plane 54 and a second surface area A, on the oppo-
site wall side 58 of the center plane 54. The surface areas A |,
A, include the total area of all outward facing surfaces of the
firing tip 28 exposed to the combustion chamber 22, including
top, bottom, and side surfaces. In one embodiment, the first
surface area A, of the firing tip 28 faces and extends out-
wardly generally toward the fuel injector 42 and the second
surface area A, of the firing tip 28 faces generally toward the
cylinder block 32 but does not extend outwardly. The first
surface area A, of the firing tip 28 is greater than the second
surface area A, ofthe firing tip 28 such that the firing tip 28 is
asymmetric relative to the plane 54. FIGS. 2A and 2B show
the firing tip 28 according to one embodiment, wherein a
portion of the first surface area is shaded, and FIGS. 3A and
3B show the same firing tip 28 with a portion of the second
surface area A, shaded. The surface areas A, A, of the firing
tips 28 can be determined according to any surface area
measurement technique known in the art.

In one preferred embodiment, the radio frequency electric
field emitted from the first surface area A, facing the fuel
injector 42 of the corona ignition system is stronger than the
radio frequency electric field emitted from the second surface
area A, facing the cylinder block 32 so that the corona dis-
charge 24 can be formed in an optimal area of the combustion
chamber 22. For example, in one preferred embodiment, the
electrical field is emitted from the first surface area A, so that
corona discharge 24 is formed optimally in the fuel spray orin
a flammable region along the outside edge 30 of the fuel
spray, with no electrical field emissions from the second
surface area A,. Accordingly, the corona ignition system pro-
vides a strong combustion of the fuel-air mixture, with no
power arcing between the second surface area A, of the firing
tip 28 and the cylinder block 32, which would hinder com-
bustion.

The strength of the electrical field emitted from the surface
areas A, A, of the firing tip 28 depends, in part, on distance
from the center axis a_. As shown in FIG. 2B, the first surface
area A, extends a first distance d, away from the electrode
center axis a_ and the second surface area A, extends a second
distance d, away from the electrode center axis a .. Preferably,
the first distance d, is greater than the second distance d,. The
greater distance helps provide a stronger radio frequency
electric field being emitted from the first surface area A,
facing the fuel injector 42 than the second surface area A,
facing the cylinder block 32.

The design of the firing tip 28 can vary, and examples of the
firing tip 28 are disclosed in FIGS. 1-8. In one embodiment,
the first surface area A is at least two times greater than the
second surface area A, or at least three times greater, or at
least four times greater, or more than four times greater. In
several embodiments, such as the embodiments of FIGS. 4-6,
the firing tip 28, typically the first surface area A,, which is
shaded, includes at least one projection 60 extending away
from the electrode body portion 52 and presenting a portion of
the first surface area A, . In one embodiment, both the first and
second surface areas A |, A, of the firing tip 28 present at least
one projection 60, or a plurality of projections 60, and the first
surface area A presents more projections 60 than the second
surface area A,. The projections 60 of the firing tip 28 pref-
erably extend outwardly and downwardly away from the elec-
trode 26 body portion. In the embodiment of FIG. 1, the
igniter 20 is disposed such that the projection 60 of the firing
tip 28 extends toward the fuel spray.

The projections 60 of the first surface area A, preferably
include sharp edges to promote the radio frequency electrical
field emissions and the optimally located corona discharge
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24. Unlike the first surface area A |, the second surface area A,
preferably includes fewer or no sharp edges thus preventing
radio frequency electrical field emissions and power arcing
between the second surface area A, and the cylinder block 32,
cylinder head 38, or piston 40, which could be detrimental to
combustion. Any unavoidable edges of the second surface
area A, are preferably as round as practically possible. As
shown in FIGS. 2B, 3B, 4B, 5B, and 6B, the firing tip 28 may
include an outward surface 62 being free of sharp edges and
presenting a portion of the second surface area A,.

The sharpness at particular points of the firing tip 28 can be
defined by a spherical radius r. As shown in FIG. 8, the
spherical radius r at a particular point along one of the surface
areas A |, A, of the firing tip 28 is determined using a hypo-
thetical, three-dimensional sphere having a radius r at the
particular point. The spherical radius r is the radius of the
three-dimensional sphere. A spherical radius r between 0 and
0.010 inches may be described as a sharp edge.

FIG. 8 shows spherical radii r,, r, presented by portions of
the firing tip 28 of FIGS. 1-3. The projection 60 providing a
portion of the first surface area A, which is shaded, presents
a smaller spherical radius r; than a spherical radius r, pre-
sented by the outward surface 62 of the second surface area
A, . Therefore, due to the smaller spherical radius r, of the first
surface area A, the radio frequency electric field emitted
from the first surface area A, is greater than the radio fre-
quency electric field emitted from the second surface area A,.
Inone preferred embodiment, the outward surface 62 present-
ing the second surface area A, is round.

As best shown in FIGS. 2 and 3, the firing tip 28 is asym-
metric relative to the electrode center axis a, and the plane 54
extending along the electrode center axis a,. In one embodi-
ment, the firing tip 28 is symmetric relative to itself, but
disposed on the electrode body portion 52 asymmetrically so
that the firing tip 28 is asymmetric relative to the electrode
center axis a,. Thetop planar views of FIG. 7 illustrate various
possible firing tips 28, which are only examples and do not
limit the possible designs of the present invention. In one
embodiment, the firing tip 28 presents a triangular shape,
such as an isosceles triangular shape. In another embodiment,
the firing tip 28 presents a quadrilateral shape.

In yet another embodiment, as shown in FIGS. 4-6, the
firing tip 28 is bifurcated or includes a plurality of divisions
64 presenting the first surface area A; and the second surface
area A,. FIGS.4A, 5A, and 6A show side views of bifurcated
firing tips 28, and 4B, 5B, and 6B show top plan views of the
same firing tips 28. The firing tip 28 may include two divi-
sions 64 or a plurality of divisions 64 together forming the
asymmetric firing tip 28. In one embodiment, as shown in
FIG. 4A, the firing tip 28 is disposed perpendicular relative to
the electrode body portion 52 so that firing tip 28 and elec-
trode 26 provide a 90 degree angle therebetween. In another
embodiment, as shown in FIGS. 5A and 6A, the firing tip 28
is disposed at an angle relative to the electrode body portion
52 so that firing tip 28 and electrode body portion 52 provide
angles other than 90 degrees therebetween.

Another aspect of the invention provides a method of form-
ing the igniter 20. The method comprises the steps of provid-
ing the electrode body portion 52 extending longitudinally
from the electrode terminal end 48 along the electrode center
axis a, to the electrode firing end 50. The electrode body
portion 52 provided is symmetric relative to the electrode
center axis a,. Next, the method includes disposing the firing
tip 28 on the electrode body portion 52 adjacent the electrode
firing end 50 such that the firing tip 28 is asymmetric relative
to the electrode center axis a,.
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The igniter 20 of the corona ignition system includes other
elements typically found in a corona igniter 20, such as an
insulator 66, a terminal 68, a conductive seal layer 70, and a
shell 72. The insulator 66 is disposed in the cylinder head 38
annularly around and longitudinally along the electrode body
portion 52. As shown in FIG. 1, the insulator 66 extends from
an insulator upper end 74 to an insulator lower end 76 spaced
from the electrode firing end 50 such that the electrode firing
end 50 and the firing tip 28 are disposed outwardly of the
insulator lower end 76. The insulator 66 includes a matrix
formed of an electrically insulating material, such as alumina.
The electrically insulating material has a permittivity capable
of holding an electrical charge. The insulating material also
has an electrical conductivity less than the electrical conduc-
tivity of the electrode body portion 52 and the firing tip 28.

In one embodiment, the insulator 66 includes an insulator
body region 78 disposed in the cylinder head 38 and extend-
ing from the insulator upper end 74 toward the insulator lower
end 76. The insulator body region 78 presents an insulator
body diameter D, generally perpendicular to the longitudinal
electrode body portion 52. The insulator 66 also includes an
insulator nose region 80 extending from the insulator body
region 78 to the insulator lower end 76. The insulator nose
region 80 presents an insulator nose diameter D,, generally
perpendicular to the longitudinal electrode body portion 52
and tapering to the insulator lower end 76. As shown in FIGS.
2A and 3A, the insulator nose diameter D,, is less than the
insulator body diameter D,. The insulator body region 78 is
disposed in the cylinder head 38 and is not exposed to the
combustion chamber 22, while the insulator nose region 80
extends into the combustion chamber 22. In one embodiment,
the insulator nose region 80 is disposed at a predetermined
angle relative to the cylinder head 38, as shown in FIG. 5A. In
another embodiment, the insulator nose region 80 extends
perpendicular to the cylinder head 38, as shown in FIGS. 4A
and SA.

The insulator body region 78 is typically encased by the
shell 72, which secures the igniter 20 to the cylinder head 38,
and the insulator nose region 80 extends outwardly of the
shell 72 into the combustion chamber 22. The insulator 66 and
shell 72 typically include a center axis longitudinally aligned
with the electrode center axis a, and one another, as shown in
FIGS. 1-6.

The insulator 66 is disposed in a predetermined location
relative to the fuel injector 42, the fuel spray, the cylinder head
38, and the cylinder block 32 so that the corona discharge 24
can be formed in an optimal location. Since the firing tip 28 is
asymmetric, the igniter 20 can be disposed closer to the side
walls 34 of the cylinder block 32, compared to igniters of the
prior art corona ignition systems, without incurring power
arcing between the firing tip 28 and the cylinder block 32.
Accordingly, the insulator 66 of the igniter 20 can be spaced
further from the fuel injector 42 and thus is less susceptible to
erosion and corrosion caused by the harsh environment sur-
rounding the fuel injector 42.

As shown in FIG. 1, the igniter 20 also includes a terminal
68 formed of an electrically conductive material received in
the insulator 66. The terminal 68 includes a first terminal end
82, which is electrically connected to a terminal wire (not
shown), which is electrically connected to a power source
(not shown). The first terminal end 82 receives the high fre-
quency voltage from the power source and transmits the high
radio frequency voltage through a second terminal end 84 and
to the electrode 26. The terminal 68 is electrically connected
to the electrode terminal end 48 by a conductive seal layer 70
formed of an electrically conductive material. The conductive
seal layer 70 is disposed between and electrically connects
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the second terminal end 84 and the electrode terminal end 48
for providing the energy from the terminal 68 to the electrode
26.

The shell 72 of the igniter 20 is formed of a metal material
disposed in the cylinder head 38 and annularly around the
insulator 66. The shell 72 extends longitudinally along the
insulator 66 from an upper shell end 86 to a lower shell end 88
such that the insulator nose region 80 projects outwardly of
the lower shell end 88, as shown in FIGS. 1, 2A, and 3A. The
shell 72 may include plurality of threads engaging the injector
slot 44 of the cylinder head 38 and securing the igniter 20 to
the cylinder head 38.

Another aspect of the invention provides a method of form-
ing the corona ignition system. The method includes provid-
ing the cylinder block 32 extending circumferentially around
the cylindrical space, and extending the cylinder head 38
across the cylinder block 32. Next, the method includes dis-
posing the piston 40 in the cylinder block 32 and spacing the
piston 40 from the cylinder head 38 to provide the combustion
chamber 22 therebetween. The method further includes dis-
posing the fuel injector 42 in the combustion chamber 22 for
spraying fuel into the combustion chamber 22.

The method next includes providing the igniter 20 and
disposing the igniter 20 in the combustion chamber 22 for
receiving the high radio frequency voltage and emitting the
radio frequency electric field to ionize the fuel-air mixture
and form the corona discharge 24. The step of providing the
igniter 20 includes forming the electrode 26 by providing the
electrode body portion 52 extending longitudinally from the
electrode terminal end 48 along the electrode center axis a, to
the electrode firing end 50 and being symmetric relative to the
electrode center axis a,. The step of providing the igniter 20
also includes disposing the firing tip 28 on the electrode body
portion 52 adjacent the electrode firing end 50 and such that
the firing tip 28 is asymmetric relative to the electrode center
axis a,. The step of disposing the igniter 20 in the combustion
chamber 22 includes positioning the igniter 20 between the
fuel injector 42 and the cylinder block 32. In one embodi-
ment, the method includes disposing the firing tip 28 in a
predetermined location relative to the fuel injector 42 and the
cylinder block 32. In another embodiment, the method
includes disposing the firing tip 28 at a predetermined angle
relative to the fuel injector 42 and the cylinder block 32.

During operation of the corona ignition system, the elec-
trode 26 of the igniter 20 is charged to a high radio frequency
voltage potential, creating a radio frequency electric field in
the combustion chamber 22. The electric field is controlled so
that the fuel-air mixture in the combustion chamber 22 main-
tains dielectric properties. The electrode 26 emits a non-
thermal plasma including multiple streams of ions forming a
corona to ionize a portion of the fuel-air mixture in the com-
bustion chamber 22.

The corona ignition system of the present invention with
the asymmetric firing tip 28 provides numerous benefits over
other corona ignition systems having different designs, such
as those without the asymmetric firing tip 28, especially in
non-homogeneous combustion systems, like gasoline direct
ignition systems. The asymmetric firing tip 28 can provide an
optimally located ignition source providing a robust combus-
tion of the fuel-air mixture. The asymmetric firing tip 28 can
be arranged to provide corona discharge 24 projecting paral-
lel to or away from the cylinder head 38, so that the igniter 20
can be moved closer to the cylinder head 38 and away from
the fuel spray to reduce erosion and corrosion caused by the
fuel spray. The igniter 20 can also be moved away from the
fuel spray and closer to the cylinder block 32 without creating
the detrimental power arcing. The present invention also uses
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energy more efficiently than systems including igniters with
symmetric firing tips or other designs. Preferably, the electri-
cal field emissions and corona discharge 24 are only formed
on the side of the firing tip 28 facing the fuel spray, where it
can usefully provide ignition, rather than on both sides of the
firing tip 28, where a significant amount of the electrical field
emissions would not contribute to ignition and therefore
would be wasted energy.

Obviously, many modifications and variations of the
present invention are possible in light of the above teachings
and may be practiced otherwise than as specifically described
while within the scope of the appended claims. These ante-
cedent recitations should be interpreted to cover any combi-
nation in which the inventive novelty exercises its utility. In
addition, the reference numerals in the claims are merely for
convenience and are not to be read in any way as limiting.

ELEMENT LIST

Element Symbol Element Name

T spherical radius
20 igniter
22 combustion chamber

24 corona discharge

26 electrode

28 firing tip

30 outside edge

32 cylinder block

34 side wall

36 top end

38 cylinder head

40 piston

42 injector

44 injector slot

46 igniter slot

48 electrode terminal end
50 electrode firing end
52 electrode body portion
54 plane

56 injector side

58 wall side

60 projection

62 outward surface

64 divisions

66 insulator

68 terminal

70 conductive seal layer
72 shell

74 insulator upper end
76 insulator lower end
78 insulator body region
80 insulator nose region
82 first terminal end

84 second terminal end
86 upper shell end

88 lower shell end

A, first surface area

A, second surface area

a, cylinder center axis
electrode center axis

D, electrode diameter

D, insulator body diameter
D, insulator nose diameter
D, tip diameter

What is claimed is:

1. An igniter for receiving a high radio frequency voltage
and emitting a radio frequency electric field to ionize a por-
tion of a fuel-air mixture and provide a corona discharge,
comprising:

an electrode including an electrode body portion extending

longitudinally from an electrode terminal end for receiv-
ing the high radio frequency voltage along an electrode
center axis to an electrode firing end,
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said electrode including a firing tip adjacent said electrode
firing end disposed on said electrode body portion for
emitting the radio frequency electric field,

said firing tip being asymmetric relative to a plane extend-

ing through and longitudinally along said electrode cen-
ter axis,

said firing tip presenting a first surface area on one side of

said plane and a second surface area on the opposite side
of said plane, wherein said first surface area is greater
than said second surface area, and

said first surface area of said firing tip presents a first

spherical radius being between 0 and 0.010 inches and
said second surface area of said firing tip presents a
second spherical radius being greater than said first
spherical radius.

2. The igniter of claim 1 wherein said first surface area is at
least two times greater than said second surface area.

3. An igniter for receiving a high radio frequency voltage
and emitting a radio frequency electric field to ionize a por-
tion of a fuel-air mixture and provide a corona discharge,
comprising:

an electrode including an electrode body portion extending

longitudinally from an electrode terminal end for receiv-
ing the high radio frequency voltage along an electrode
center axis to an electrode firing end,

said electrode including a firing tip adjacent said electrode

firing end disposed on said electrode body portion for
emitting the radio frequency electric field,

said firing tip being asymmetric relative to a plane extend-

ing through and longitudinally along said electrode cen-
ter axis,

said firing tip presenting a first surface area on one side of

said plane and a second surface area on the opposite side
of said plane, wherein said first surface area is greater
than said second surface area, and

said surface areas of said firing tip present a plurality of

projections and said first surface area presents more
projections than said second surface area.

4. The igniter of claim 1 wherein said first surface area of
said firing tip extends a first distance away from said electrode
center axis and said second surface area of said firing tip
extends a second distance away from said electrode center
axis and wherein said first distance is greater than said second
distance.

5. The igniter of claim 1 wherein said electrode body por-
tion is symmetric relative to said plane extending through and
longitudinally along said electrode center axis.

6. The igniter of claim 1 wherein said electrode body por-
tion is symmetric relative to said electrode center axis.

7. The igniter of claim 1 wherein said firing tip is symmet-
ric relative to itself and asymmetric relative to said electrode
center axis.

8. The igniter of claim 1 wherein said firing tip includes a
plurality of divisions.

9. The igniter of claim 1 wherein said electrode body por-
tion has an electrode diameter perpendicular to said electrode
center axis and said firing tip has a tip diameter greater than
said electrode diameter.

10. A corona ignition system for providing a radio fre-
quency electric field to ionize a portion of a fuel-air mixture
and provide a corona discharge igniting the fuel-air mixture in
a combustion chamber of an internal combustion engine,
comprising:

a cylinder block extending circumferentially around a

space,

a cylinder head extending across said cylinder block,
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a piston disposed in said cylinder block and spaced from
said cylinder head and providing a combustion chamber
therebetween,

a fuel injector extending into said combustion chamber for
spraying fuel into said combustion chamber,

an igniter extending into said combustion chamber for
receiving the high radio frequency voltage and emitting
the radio frequency electric field to ionize said fuel-air
mixture and form a corona discharge,

said igniter being disposed between said fuel injector and
said cylinder block,

an electrode including an electrode body portion extending
longitudinally from an electrode terminal end for receiv-
ing the high radio frequency voltage along an electrode
center axis to an electrode firing end,

said electrode including a firing tip adjacent said electrode
firing end disposed on said electrode body for emitting
the radio frequency electric field,

said firing tip being asymmetric relative to a plane extend-
ing through and longitudinally along said electrode cen-
ter axis, wherein said plane has an injector side facing
generally toward said fuel injector and an opposite wall
side facing generally toward said cylinder block,

said firing tip presents a first surface area on said injector
side of said plane and a second surface area on said
opposite wall side of said plane,

said first surface area faces generally toward said fuel
injector and said second surface area faces generally
toward said cylinder block, said first surface area is
greater than said second surface area, and

said first surface area of said firing tip presents a projection
having a first spherical radius and said second surface
area of said firing tip forms an outward surface present-
ing a second spherical radius, and wherein said first
spherical radius is smaller than said second spherical
radius so that the radio frequency electric field emitted
from said first surface area is greater than the radio
frequency electric field emitted from said second surface
area.

11. The corona ignition system of claim 10 wherein said
first surface area is at least two times greater than said second
surface area.

12. The corona ignition system of claim 10 wherein said
electrode body portion is symmetric relative to said electrode
center axis.

13. The corona ignition system of claim 10 wherein said
firing tip is disposed in a predetermined location relative to
said fuel injector and said fuel spray and said corona dis-
charge is formed between said igniter and said fuel injector
and not between said firing tip and said cylinder block.

14. The corona ignition system of claim 10 wherein said
fuel spray has an outside edge and wherein said firing tip is
disposed a predetermined distance from said outside edge.

15. The corona ignition system of claim 10 wherein said
igniter is disposed a predetermined distance from said fuel
injector and said piston and said cylinder block.

16. The corona ignition system of claim 10 wherein said
fuel injector is disposed parallel to said cylinder block and
said igniter is disposed at a predetermined angle relative to
said fuel injector and said cylinder block.

17. A corona ignition system for providing a radio fre-
quency electric field to ionize a portion of a fuel-air mixture
and provide a corona discharge in a combustion chamber of
an internal combustion engine, comprising

a cylinder block having a side wall extending circumfer-
entially around a cylinder center axis and presenting a
space having a cylindrical shape,



US 9,103,313 B2

13

said side wall being disposed a predetermined distance
from said cylinder center axis,

said side wall having a top end surrounding a top opening,

a cylinder head disposed on said top end and extending
across said top opening of said cylinder block,

a piston disposed in said cylindrical space and along said
side wall of said cylinder block for sliding along said
side wall during operation of the internal combustion
engine,

said piston being spaced from said cylinder head,

said cylinder block and said cylinder head and said piston
providing a combustion chamber therebetween,

afuel injector disposed in said cylinder head and extending
transversely into said combustion chamber for spraying
fuel into said combustion chamber, wherein said fuel is
in the form of a finely atomized spray and wherein said
fuel spray has an outside edge presenting a conical
shape,

said cylinder head presenting a injector slot for receiving
said fuel injector,

said fuel injector extending longitudinally along said cyl-
inder center axis,

an igniter disposed in said cylinder head and extending
transversely into said combustion chamber for receiving
the high radio frequency voltage and emitting the radio
frequency electric field to ionize a portion of the fuel-air
mixture and form said corona discharge,

said cylinder head presenting an igniter slot for receiving
said igniter,

said igniter being disposed between said fuel injector and
said cylinder block,

said igniter being disposed a predetermined distance from
said fuel injector and said cylinder block and said piston,

said igniter being disposed at a predetermined angle rela-
tive to said fuel injector and said cylinder head and said
cylinder block and said piston,

said igniter being disposed in a predetermined location
relative to said outside edge of said fuel spray,

said igniter including an electrode having an electrode
center axis extending longitudinally from an electrode
terminal end for receiving the high radio frequency volt-
age to an electrode firing end,

said electrode including an electrode body portion formed
of'a first electrically conductive material extending lon-
gitudinally from said electrode terminal end along said
electrode center axis to said electrode firing end,

said first electrically conductive material of said electrode
body portion including nickel,

said electrode body portion having an electrode diameter
being perpendicular to said electrode center axis,

said electrode body portion being symmetric relative to
said electrode center axis and relative to a plane extend-
ing through and longitudinally along said electrode cen-
ter axis, wherein said plane has an injector side facing
generally toward said fuel injector and an opposite wall
side facing generally toward said side wall of said cyl-
inder block,

said electrode including a firing tip surrounding and adja-
cent said electrode firing end for emitting the radio fre-
quency electric field to ionize a portion of the fuel-air
mixture in said combustion chamber and provide said
corona discharge at said outside edge of said fuel spray
in said combustion chamber,

said firing tip being formed of a second electrically con-
ductive material,
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said second electrically conductive material including at
least one element selected from Groups 4-12 of the
Periodic Table of the Elements,

said firing tip having a tip diameter being greater than said
electrode diameter of said electrode body portion,

said firing tip being disposed a predetermined distance
from said fuel injector and said cylinder block and said
cylinder head and said piston,

said firing tip being disposed at a predetermined angle
relative to said fuel injector and said cylinder block and
said cylinder head and said piston,

said firing tip being disposed in a predetermined location
relative to said outside edge of said fuel spray,

said firing tip being asymmetric relative to said electrode
body portion,

said firing tip presenting a first surface area on said injector
side of said plane and a second surface area on said
opposite wall side of said plane, wherein said first sur-
face area faces and extends outwardly generally toward
said fuel injector and said second surface area faces
generally toward said cylinder block and does not extend
outwardly,

said first surface area of said firing tip being greater than
said second surface area of said firing tip such that said
firing tip is asymmetric relative to said plane,

said first surface area of said firing tip being disposed a
predetermined distance from said fuel injector and said
outside edge of said fuel spray for forming said corona
discharge at said outside edge of said fuel spray,

said first surface area being at least two times greater than
said second surface area,

said first surface area of said firing tip presenting a first
spherical radius being between 0 and 0.010 inches and
said second surface area of said firing tip presenting a
second spherical radius being greater than said first
spherical radius,

an insulator disposed in said cylinder head annularly
around and longitudinally along said electrode body
portion and extending from an insulator upper end to an
insulator lower end spaced from said electrode firing end
and said firing tip of said electrode such that said elec-
trode firing end and said firing tip are disposed out-
wardly of said insulator lower end,

said insulator including a matrix formed of an electrically
insulating material,

said electrically insulating material including alumina,

said electrically insulating material having a permittivity
capable of holding an electrical charge,

said electrically insulating material having an electrical
conductivity less than the electrical conductivity of said
electrically conductive material of said electrode body
portion and said firing tip,

said insulator including an insulator body region disposed
in said cylinder head and extending from said insulator
upper end toward said insulator lower end,

said insulator body region presenting an insulator body
diameter generally perpendicular to said longitudinal
electrode body portion,

said insulator body region being not exposed to said com-
bustion chamber,

said insulator including an insulator nose region disposed
in said combustion chamber and extending from said
insulator body region to said insulator lower end,

said insulator nose region presenting an insulator nose
diameter generally perpendicular to said longitudinal
electrode body portion and tapering to said insulator
lower end,
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said insulator nose diameter being less than said insulator
body diameter,

a terminal received in said insulator for being electrically
connected to a terminal wire and electrically connected
to a power source and being in electrical communication
with said electrode for receiving the high radio fre-
quency voltage from the power source and transmitting
the high radio frequency voltage to said electrode,

said terminal extending from a first terminal end to a sec-
ond terminal end electrically connected to said electrode
terminal end,

said terminal being formed of an electrically conductive
material,

a conductive seal layer disposed between and electrically
connecting said second terminal end of said terminal and
said electrode terminal end for providing the energy
from said terminal to said electrode,

said conductive seal layer being formed of an electrically
conductive material,

a shell disposed in said cylinder head and annularly around
said insulator,

said shell extending longitudinally along said insulator
from an upper shell end to a lower shell end such that
said insulator nose region projects outwardly of said
lower shell end,

said shell including a plurality of threads engaging said
injector slot of said cylinder head and securing said
igniter to said cylinder head, and

said shell being formed of a metal material.

18. A method of forming an igniter for receiving a high
radio frequency voltage and emitting a radio frequency elec-
tric field to ionize a portion of a fuel-air mixture and provide
a corona discharge, comprising the steps of:

providing an electrode body portion extending longitudi-
nally from an electrode terminal end along an electrode
center axis to an electrode firing end, and

disposing a firing tip on the electrode body portion adjacent
the electrode firing end and asymmetrically relative to a
plane extending through and longitudinally along the
center axis electrode, the firing tip presenting a first
surface area on one side of the plane and a second sur-
face area on the opposite side of the plane, wherein the
first surface area is greater than the second surface area,
the first surface area presents a first spherical radius
being between 0 and 0.010 inches, and the second sur-
face area presents a second spherical radius being
greater than the first spherical radius.

19. A method of forming a corona ignition system for

providing aradio frequency electric field to ionize a portion of
a fuel-air mixture and provide a corona discharge igniting the
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fuel-air mixture in a combustion chamber of an internal com-
bustion engine, comprising the steps of:

providing a cylinder block extending around a space,

extending a cylinder head across the cylinder block,

disposing a piston in the cylinder block and spaced from
the cylinder head to provide a combustion chamber ther-
ebetween,

disposing a fuel injector in the combustion chamber for

spraying fuel into the combustion chamber,

providing an igniter and positioning the igniter in the com-

bustion chamber between the fuel injector and the cyl-
inder block for receiving the high radio frequency volt-
age and emitting the radio frequency electric field to
ionize a mixture of the fuel and air and form a corona
discharge,

the providing the igniter step including forming an elec-

trode by providing an electrode body portion extending
longitudinally from an electrode terminal end for receiv-
ing the high radio frequency voltage along an electrode
center axis to an electrode firing end,

the forming the electrode step including disposing a firing

tip for emitting the radio frequency electric field on the
electrode body portion adjacent the electrode firing end
and asymmetrically relative to a plane extending
through and longitudinally along the electrode center
axis,

wherein the plane has an injector side facing generally

toward the fuel injector and an opposite wall side facing
generally toward the cylinder block, the firing tip pre-
sents a first surface area on the injector side of the plane
and a second surface area on the opposite wall side of the
plane, the first surface area faces generally toward the
fuel injector and the second surface area faces generally
toward the cylinder block, the first surface area is greater
than the second surface area, and the first surface area of
the firing tip presents a projection having a first spherical
radius and the second surface area of the firing tip forms
an outward surface presenting a second spherical radius,
and wherein the first spherical radius is smaller than the
second spherical radius so that the radio frequency elec-
tric field emitted from the first surface area is greater
than the radio frequency electric field emitted from the
second surface area.

20. The method of claim 19 including disposing the firing
tip in a predetermined location relative to the fuel injector and
the cylinder block.

21. The method of claim 19 including disposing the firing
tip at a predetermined angle relative to the fuel injector and
the cylinder block.



